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A series of s tagnat ion point  plasma a r c  tests on specimens of carbona- 
ceous mater ia l  was e m . i n e d  t o  f i n d  out whether the loss of mass could be 
explained i n  terms of oxidation of the carbon. Up t o  a surface temperature 
of  400OoF, it  was found t h a t  i t  could be predicted i n  terms of the rate of 
d i f fus ion  of oxygen through the boundary l aye r ,  computed by Lewis analogy 
from the  known hea t  flux and dr iving enthalpy, Best r e s u l t s  were obtained 
by assuming t h a t  carbon monoxide was formed, and by using the net heat  f l u x  
corrected f o r  ho t  w a l l  and t r ansp i r a t ion  cooling e f f ec t s .  
specimens exhibited marked oxidation res i s tance ,  and here t h e  loss rate 
conformed t o  the  ha l f  order  Arrhenius equation, i n  which Lewis analogy 
was again used t o  compute t h e  partial pressure of oxygen near  t he  wall. 
t h i s  case it was possible  t o  compute the  reac t ion  rate coe f f i c i en t  of 
oxidation for t he  material. Above kOOOOF, it was found t h a t  add i t iona l  
mass loss was caused by spa l l ing .  
and could be corre la ted  by an equation of t h e  Arrhenius form, although 
insu f f i c i en t  data was ava i lab le  t o  determine presaure e f f e c t s .  It is 
concluded tha t  s u f f i c i e n t  information can be obtained f r o m  plasma tests t o  
compute the  oxidation and spa l l i ng  rates of a carbonaceous ma te r i a l  on a 
re-entry vehicle , 

One series of 

In  

This was a st rong function of temperature, 

# 
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The o r ig ina l  data on which t h i s  work was based was obtained under a 
program funded by the Mrec to ra t e  of Materials and Processes,  Aeronautical 
Systems Division, A i r  Force Systems Command, Wright Pat terson Air Force Base, 
Ohio, under Contract Nos. AF 33(616) -Z&7~nd  A)? 33(657)--&3!% Additional 
test  data was obtained under a program funded by the Spacecraft  Research 
Division of the Manned Spacecraft  Center, National Aeronautics and Space 
A d m i n i s t r a t i o n ,  Houston; Te --f- under Tontract No. NAS 9-575, - 
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- Reduced r eac t iv i ty ,  l b / f t  2 -sec-atR 112 

* Diffusion parameter, dimensionless 

= Spal l ing constant,  l b / f t  -sec 2 

Mass f r a c t i o n  of oxygen 

= Speci f ic  heat of f l u i d ,  BTU/lboR 

Diffusio:? coe f f i c i en t  f o r  oxygen, f t 2 / sec  

, dimensionless - K , e  -L/G 

= Activation energy of oxidation, K cal/mole - Effect ive s k i n  coe f f i c i en t ,  LB/ft2-secoR - Enthalpy of f l u i d ,  BTU/lb 

= Dimensionless reaction r a t e  coef f ic ien t  

= Dimensionless spa l l i ng  coe f f i c i en t  

= Conductivity of f l u i d ,  BTU/ft-seco R 

= Reaction rate coe f f i c i en t  of oxidation, lb/ft2-sec-atm1/2 

= L e w i s  number = 

= Effect ive Lewis number 

= Eass loss rate, lb/ft2-sec 

eo+ 

e Dn+- rP 1-1- A-- 
L L Q W  UA L V V V  UU'S t o  oxid&'ciOniil, rD/f'c2-sec 

= Rate of d i f fus ion  of oxygen, lb/ft2-sec 

= Rate of loss due t o  spa l l ing ,  lb / f t2-sec  

= Total  r a t e  of loss, l b / f t  -sec 

= Quant i ty  used i n  determining oxidation constants  

2 

%PALL= Quantity used in determining spalling constants  

p - Local s t a t i c  pressure, atmospheres 
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pol = P a r t i a l  pressure of rcolecctlar oxygen, atinospheres 

= Heat flux, aT!J/ft*-sec 

= Convective heat flux w i t h  t ranspi ra t ion  coo.! ing ,  3TU/ft2-sec 

= Vnjvcrsal gas  constant,, K caI/moleo;t 

% 
9 W W  

Re = Fraction of carbon i n  mater ia l  

R-* 

Tat 

7 5  = S ? a l l i n s  temFsrature, 'E 

Tu, 

X = %iensiol?less oxidation ra te  

Y 

6 = hundary  l aye r  thickn$ss,  f t  

K, = Transp5ration co;fficient , dimensionless 

= Fiat3.o of oxygen t o  material oxidized 

= Activation temperature of oxidation, O R  

= Tenperzture a t  surface,  Oii 

= Dimensionless mass l o s s  r a t e  o r  oxidst.ion parameter 
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I NTiIODUCTIOR - 1.0 

In  the search f o r  high temperature materials t o  withstand re-  
e n t r y  conditions,  a considerable amount of a t t e n t i o n  has been given t o  the 
possible use of graphite and other carbonaceous materials. .%cause of i ts  
high temperature of sublimation, its su?erior s t rength  t o  weight r a t io ,  
and i t s  high en i s s iv i ty ,  it would be a n  i d e a l  mater ia l  f o r  a re rad ia t ing  
heat sh ie ld ,  but  f o r  one problem, tha t  it oxidizes a t  a r e l a t i v e l y  rapid 
rate. Anti-oxidation coatings have been developed f o r  graphite,  bu t  
su i t ab le  coatings are generally r e s t r i c t ed  t o  temperatures of about 32OOOF, 

better t h R  yTy 5:: f i k 4 - - 4 - - d  .-:.LL. ..--&-A --OM..-&--- --&-l- 7- 

principle ,  it would seem possible to  coa t  graphite wi th  a high temperature 
ceramic, such as zirconia  o r  thoria,  but  such mater ia l s  are too b r i t t l e  for 
use as ccat ings.  For these reasons, the  oxidation of carbonaceous materials 
has  been studied, and a number of t e s t s  have been made i n  a plasma a r c  
f a c i l i t y  t o  verify t heo re t i ca l  predict ions,  and t o  obtain fundamental 
7 roper t ies .  

V V V U I I ~ A V U  W - L V I I  ~ U a U G u  Z O l ~ C r b U U + J  lIIGUVQLG+. AI1 

It is  generally agreed tha t  the oxidation of carbonaceous materials 
can be divided i n t o  t h r e e  regimes, depending upon the processes which 
determine the r a t e  of oxidation. These are: 

(1) The react ion r a t e  control regime i n  which the oxidation r a t e  
i s  cont ro l led  by s w f a c e  k ine t i c s  processes, including a b s o q t i o n  of 
reac tan ts  on the  surface,  ch mica1 react ion on the surface and desorption 
of products from the surface T . 

(2) The diffusion control regime in  which the oxidation r a t e  i s  
control led by d i f fus ion  of reactants  t o  the surface o r  d i f fbs ion  of products 
from the  surfaci3l. 

(3) The t r a m i t i o n  regime i n  which both d i f fus ion  and surface 
k ine t i c s  detem,ine the oxidation rate.  

The reac{,ion r a t e  control regime has been stud'ed extensively,  

t h s  rsact;icx r a t e  
both theo re t i ca l ly  and ex-primentally. Glasstone, e t  al 1 present  r e l a t ions  
derived from absolute rear;t,im ra t .p  theory  which give 

has developed a model f o r  the reaction of a gas i n  the pores of a s o l i d  
which i s  appl ica5le  t o  a porous material .  
developed and obtained exTerimenta1 confirmation f o r  I&ee le r l s  model. 

f o r  a true surface react ion applicable t o  non-porous materials. Wheeler 2 

Blyholder and Xyring= f u r t h e r  

TU, Davis, and Hottel 5 i n  1934 and more recent ly ,  Noore and 
ZlotnickS have studied the t rans i t ion  reeime. 
q u i t e  sophis t ica ted  i n  t h e i r  treatement of the boundary l aye r  and surface 
k ine t i c s ,  hrvever, t h e i r  study lacked the  benef i t  o f  experimental confirma- 
t ion .  Bradshaw7 has strtdied t h e  t rans i t ion  regime experimentally, but it 
i s  no t  known whether h i s  r e su l t s  i n  t h i s  mgime have been compared t o  
theory,  qLiar,ti t a t i v e l y .  

lyoore and Zlotnick were 
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This pa?sr i s  a stiiq! 3f a l l  t!!rEe oxidation rezimes, and, i n  
a d d i t i o n ,  of mass lo s s  5~ sf la l l ing.  
t ~ c i ) ~ i q u : ? y  have i m n  ' 3xp lop~1  tn .1st,~5li:.i1 t,ec:;nl:p?s f o r  the inves t i s a t ion  
of mass loss cf carbonaceous mater ia l s  i n  a gas strean. The methods 
developed should ~ 2 s o  prove invaluable f o r  the inves t iga t ion  of carbonaceous 
matcrialc; incorporating addi t ives ,  i n t e r n a l l y  diffused coatings,  e tc . ,  f o r  
the reduction of oxidation rates. 
carbonaceous materials,  although o ther  mator ia ls  have n o t  been t e s t e d  t o  
date. 

Scth t h e o r e t i c a l  and Zxpr imen ta l  

They are not  e s s e n t i a l l y  l imited t o  

1.1 

A moprietary me tbod of forming reinforced carbonaceous naterials 
of  hiTh strength and porosi ty  r m s  developed by Chance Vought Cor?. A l a rge  
nir!nber of glasma tests have been run on specimens of this mater ia l  i n  the  
180 K J  plasr,a a r c  f a c i l i t y  of the Ling-Temco-Vought Research Center The 
cold m l l  heating r a t e s  f o r  thsse tests rangeti from 8 t o  730 BTU/ft -sec, 
as determined by calorirnetsrs, the a i r  enthalpies  ranged from 3500 t o  16,000 
i3TlJ/lb a5 I?stsmincd by energy balancc and sonic t h r o a t  methods, and the 
surface tsmperatures ranzed from 1650°F t o  5600°F as determined by o p t i c a l  
pyrometers d t h  su i tab le  correct ions.  These conditions are t y p i c a l  of those 
experianwd by manned re-entry vehicles .  4 $ ~ r p  number of these  plasma 
a r c  tests -re car r ied  out by Carlson, e t  a1 . In analyzing these r e s u l t s ,  
it vas noted tha t  t h e  sur facs  rwxss ions  could be ap?roximately co r r s l a t ed  
on the  assum$ian t h a t  the r a b  of d i f fus ion  of oxygen t o  t he  surface could 
be predicted by what might be termed l L e w i s  a n a l o c i f .  A t y p i c a l  mater ia l  
s t cd icd  itas desipnntccl. F-latiblx 11. 2,sveral of tho mater ia l s  x e r e  in tznded  
to r e s i s t  Oxidation, and  one appcarcd ;nr t , ixLnrly successf i l .  This xas 
desi ?nat?J as !4atrix 111. 

2 

It das dmided  t h a t  t h e  Lewis analoqy might be used i n  p red ic t ing  
surface recession r a t e s  i n  IBY s tud ie s  of ablators. To obtain cor rec t  
predict ions of  surface recession a t  l o  temperatures, the  oxidation 
=act ion suggestsd b;. Nolan and ScalalC was used i n  conjunction with the  
diffusion equation. 

I n  order t o  ver i fy  the  equations,  the  test r e s u l t s  of Carlson, 
e t  a113, veri reanalyzed. A t  the  same time, equations were developed t o  
pred ic t  the ra te  of mechanical erosion,  o r  f s p a l l i n g f ,  which w a s  seen t o  
occur a t  high temperatures, and methods were developed t o  obtain the material 
constants fron t e s t  data. The r e s u l t s  ob+,ained f o r  k t r i c e s  I1 and 111 are 
given i n  Section 3 of t h i s  pa?er. 

opmsnt, i n  which a l.g"%i ). The r e s u l t s  of 
A heat sh ie ld  system is cur ren t ly  under 

reinfbrced carbonaceous face is used (F. C .  Smith 
a series of oxidation t e s t s  on t h i s  m a t e r i d  are also given i n  Section 3. 



I ’  
! 

1.2 Conclusions 

1. A set of equations has been derived t o  account f o r  surface 
recession rates due to  oxidation and spa l l i ng ,  and a method has been 
developed t o  derive t h e  required mater ia l  constants  froin ?lasma a r c  t e s t  
results. 
corre la ted  to  w i t h i n  expr imen ta l  s ca t t e r .  
t o  demonstrating t h e  f e a s i b i l i t y  of the  approach, and i n s u f f i c i e n t  test  
da ta  has been ava i lab le  t o  permit the a2pl ica t ion  of s t a t i s t i c a l  methods 
i n  obtainincr cor re la t ion .  

Using t h i s  approach, it has Seen shoim that test results can be 
This repor t  has been r e s t r i c t e d  

2. Materials  t e s t e d  t o  date are r e s t r i c t e d  t o  a p a r t i c u l a r  
fornula t ion ,  r e fe r r ed  t o  as reinforced carbonaceous material. It is believed, 
however, t h a t  the methods developed here are a2pl icable  t o  any material 
which undergoes oxidation, and i n  which the chemical form is  r e l a t i v e l y  
independent of temperature. 

3. One p a r t i c u l a r  n a t e r i a l ,  r e f e r r ed  t o  as Matrix 111, showed 
This relies on an p r t i c u l a r  promise as an oxidat ion r e s i s t a n t  material. 

i n t e r n a l l y  diffused coating, as opposed t o  a surface coating, and i s  
the re fo re  not  l iable  t o  suffer catastrophic  failure. 

‘4. Due t o  l imi t a t ions  imposed by the performance of the plasma 
arc, the  e f f e c t s  of pressure could not be determined. 

2. THEORY OF OXIDATION 

Thzre are three basic  mechanisms by which the surface can recede 
on a material composed mainly of carbon or  graphi ts ,  when exposed t o  a 
stream of high temperature air. 

(1) Oxidation: This  is fu r the r  divided up i n t o  three regimes: 

(a) The react ion control led regime, at low temperatures, 
i n  which t h e  air  a t  the surface i s  oxygen r ich ,  and oxidation is cont ro l led  
by the chemical reac t ion  rats. 

(b) The t r a n s i t i o n  r e g h e ,  a t  intermediate temperatures, 
i n  which the  rate of oxidation is  s u f f i c i e n t l y  high t o  reduce the  concen- 
t r a t i o n  of oxygen near the surface. 

(e )  The d i f fus ion  control led regime, a t  high temperatures, 
i n  which the  oxidation rate is  controlled by the ava i lab le  supply of oxygen 
d i f f u s i n g  through the  boundary layer  t o  the  surface. 

(2)  Spalling: This covers a multitude of poorly defined mechan- 

Spal l ing  typ ica l ly  occurs a t  high temperatures, and i s  
isms by which material is removed f r o m  t he  surface i n  excess t o  t ha t  re- 
moved by oxidation. 
probably dependent on shear fo rces  o r  t o t a l  pressure.  

5 



( 3 )  Sublimation: This i s  the fundamental ab la t ion  process, i n  
xhich the mater ia l  is converted t o  gas, and absorbs hea t  of vaporization i n  
the process. 
s o  t h a t  it cannot be detected independently. Since sublimation of the  sur-  
face  of a heat s h i e l d  i s  v d l  understood, and s ince  the  tompra tu res  considerod 

The ?recess of sublimation may be completely masked by spal;ing, 

i n  this study a re  below the sublimation temperature of carbon, it will not 
considered here. 

2.1 Derivation of Oxidation Equations 

The r a t e  of mass loss  due t o  oxidation by molecular oxygen is 
given by the  equation, 

2.1.1 

where &e 
cludine mater ia l  which does not  oxidize, bu t  i s  released i n  the oxidation 

is the e f f e c t i v e  mass loss  ?er unit area due t o  oxidation, i n -  

process;  
"spec i f ic  reac t iv i ty" ;  (poi), is the partial pressure of molecular oxygen 
at t h e  surface; 
E i s  the ac t iva t ion  energy; and TW is the sur face  temperature. There 
i s  s t i l l  some disagreement as t o  the precise fo  of t h i s  equation, which 
has been taken from Nolan and Scala (Reference E). I n  pa r t i cu la r ,  it is 
not  c e r t a i n  tha t  t h e  index (order  of react ion)  should be 1/2. 
Eyring ind ica te  that  from 1510 to  1870" R f o r  porous graphi te  the index i s  
indeed 1/2. But f o r  higher temperatures and/or non-porous graphi te ,  they 
found values from zero to  3/!4 3 2 4 ,  

is believed t o  be temperature dependent, 
ind ica te  t h a t  f o r  porous gra2hi te  the  r e a c t i v i t y  is  proport ional  t o  tempera- 

Thus, the temperature dependence of K,, is  q u i t e  wezk compared t o  the exponent ia l  
tern i n  Eqmt ion  3 .  

is the  react ion rate coe f f i c i en t ,  sometimes referred t o  as 

is  the ac t iva t ion  temperature, equal  t o  E/R , where 

Blyholder and 

the  s p e c i f i c  re a c t i v i t y  
However, Blyholder and Eyring 

ture  t o  the  1/L power and that f o r  non-porous graphi te ,  t he  power i s  uni ty ,  394. 

1873°F f o r  porous graphi te  TeX changes. 1 Fina l ly ,  the aforem ntionad authors  found t h a t  above 

be 

the 

If atomic oxygen i s  present  at the surface,  a second term should 
It has been assuned here t h a t  all oxygen reaching the  be added t o  Eqn. 1. 

surface i s  recombined. 

The r e l a t ionsh ip  between the rate of di f fus ion  of oxygen and the 
rate of heat conduction through the boundary layer can be derived i n  terms 
of an e f fec t ive  Lewis number. We assume tha t  the boundary l a y e r  thicknesses  
f o r  heat conduction and d i f fus ion  are equal ,  and given by 6 . 
transfer ra t e  i n  t h e  presence of t r ansp i r a t ion  cooling from the  gaseous pro- 
ducts  of ablat ion,  f .-,,, Then the heat 

i s  (see a l s o  Sect ion 2.3). 

6 
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where q;; a s u i t a b l y  averaged r a t i o  of conductivity A divided by 
spec i f  i c  hea i n  the boundary layer ;  &e and bC< are  r a t e s  of 
i n j ec t ion  and t r ansp i r a t ion  coef f ic ien ts ,  respect ively,  f o r  a given species  
OC i n  the gaseous products of  ablation; i, and i, a re  the  values of 
the enthal3y of the air a t  recovery and w a l l  temperatures, respect ively;  
and hEFf is  the e f f e c t i v e  s k i n  coeff ic ient .  

The r a t e  of diffusion of 0-xygen, M . ~ ~  per u n i t  area,  i s  given by; 

2.1.3 
- 

where e D  
coe f f i c i en t  0 , i n  t h e  boundary layer;  and cox= , co*, are  mass 
concentration r a t i o s  of oxygen at  the outer  surface of t h e  boundary l aye r ,  and 
a t  the  w a l l ,  respect ively.  

is  a suitabzy averaged product of dens i ty  e , and d i f fus ion  

Noting tha t  t h e  Leuis number is  defined by; 

L = e ~ c , / A c  2.1.& 

we can define an e f f ec t ive  Lewis number, L G ~ ~  , by; 

- %% 

hEFF ( C o x e -  CasM,) 

a f t e r  subs t i t u t ing  f r an  Xqns. 2 B 3.  

2.1.5 

The e f f ec t ive  L e w i s  number includes the e f f e c t s  of tTanspiration 
cooling, which is  assumed t o  block heat  conduction and oxygen di f fus ion  
through t h e  boundary l a y e r  i n  equal r a t i o s .  
has a value c lose  t o  uni ty ,  it may be asswned t h a t  LE,, 
uni ty .  

Since the Lewis number normally 
is  also close t o  

A t  s u f f i c i e n t l y  low temperatures, the  oxygen reaching the  sur- 
face  is mainly molecular, and the p a r t i a l  pressure of oxygen near the wall is; 

2.1.6 

where f3 i s  the local s t a t i c  pressure; and M.W.(AI~),M.W(,~ a re  molecular 
weights of  air and 02 respectively.  

l o s s  due t o  oxidation can be exprestd a s  the constant r a t io ;  
The r a t i o  of oxygen cmsuned a t  the surface t o  the e f f e c t i v e  mass 
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2.1.7 

i f  one chemical react ion is assumed to take place, fo r  exarnple, i f  the reac t ion  
is*; 

2c + 0 2  + Non-oxidizing mater ia l  

2 c 0 4- Non-oxidizing material __j)eL 

2.1.8 

and i f  Re is the proportion of carbon i n  the t o t a l  material;, 

2.1.9 

and carbon, w i t h  

Subst i tut ing the  value of ( po$,,,, from Eqn. 2.1.6 i n t o  2.1.1, 
and eliminating c o x w  and k,, from qns. 5 and 7 respect ively.  

squation 2.1.10 gives the  oxidation r a t e  of carbon or graphi te  by molecular 
oxygen i n  the  react ion rate cont ro l ,  t r a n s i t i o n ,  and d i f fus ion  rate con t ro l  
regimes. The terms A ,  B and TO% depend on the material and on the nature  
of t h e  atmosphere. They are approximately constant f o r  any given re-entry, 
provided t h a t  c emical reac t ions  do no t  take place i n  the material which change 
the  value of ox . The terms , hEFF , and T& define the  environ- 
ment a t  t h e  surface, and vary dur  ng re-entry. P B 

Additional material i s  l o s t  by spa l l i ng  and by sublimation. 
assumed t h a t  these can be character ized by an equation of the form; 

It i s  

whsre 
forces  an other var iables ,  and % 
equivalent  t o  t h e  ac t iva t ion  temperatureT& 

hp) i s a coef f ic ien t ,  dependent t o  an unknown extent  on aerodynamic 
is a c h a r a c t e r i s t i c  spa l l i ng  temperature, 

i n  Eqn. 2.1.1. 

The t o t a l  mass loss  rate now becomes; 
0 . 

2.1.Q - 
M T O T  - WE + MSP 

* Blyholder and ;$ring 
graphi te  oxidation from l s l O o R  t o  223PR and probably t o  2770''R. 

ind ica te  t h a t  CO is the primary product of 
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Dime ns  ion le  s 
_I 

2.2 Form of Equations 

Xquations 2.1.23 and 1L can bo put i n t o  dimensionless form by taking 

= dimensionless oxidation rate 

y = BiTfl/hrrr = dimensionless mass loss rate or  oxidation 
parame t o r  

1 and wr i t i ng  them i n  the form 

2.2.1 

2.2.2 

where 1(, = ABp'yhEFE = dimensionless r e a c t i v i t y  

Ks = w/hhFF = dimensionless spa l l ing  constant  

The so lu t ion  of Eqn. 1 is 

whem 0- K , e -  

2.2.3 

The dimensionless 
oxidation rate x is 
o lo t t ed  i n  Figure 1 
i s  a f i n c t i o n  o f G / x x  
f o r  a number of values 
of the dimen s ionle  s s 
r a a c t i v i t y  K,, . It is 
seen t h a t  at low temperatures 
the oxidation rate 
Increa.sss WLth temp+ 
ature as governed by 
reac t ion  k ine t i c s ,  but  
as the temperature 
increases  fu r the r ,  it 
unda rgoe s t r a n s  it ion 

Tw/ fox  t o  a constant  r a t e  
de temined  by oxygen 
diffusion.  Decreasing 
the r e a c t i v i t y  has the  
e f f e c t  of r a i s ing  the 

FIGURE 1 DIMENSIONLESS OXIDATION RATE (X) VS. 
TEMPERATURE RATIO Tw/Tox FOR VARIOUS VALUES 

OF DIMENSIONLESS REACTION RATE KO 

temperature a t  which t r a n s i t i o n  occurs and of broadening the  t r a n s i t i o n  
temperaturn regime. 
of a given type of material (by use of oxidation i n h i b i t o r s  f o r  example) will 
decmase  t h e  oxidation r a t e  depends s t rongly upon the temperature range of 
i n t e r e s t .  It w i l l  be shown i n  Section 3 t h a t  the  dimensionless form of the 
oxidat ion r e l a t i o n s  is extremely useful  i n  evaluat ing experimental r e s u l t s .  

Furthermore, the extent t o  which decreasing the r eac t iv i t j r  

? 



2.3 Goinputation of Cffsc t ive  Skin Coefficient 

Before plasma a r c  t e s t  r e s u l t s  can be reduced, the  e f f e c t i v e  sk in  
coe f f i c i en t  ~ E F F  m3*t be deternined, as defined i n  Eqn. 2.1.2. Several  
methods are available f o r  detmmining recovery enthalpy i n  t h s  plasma stream, 
i, , and the enthalpy a t  xa l l  conditions,  L, can be de temined  from a 
Moll ier  diagram, i f  local pressurc and surface temperature are known. The 
hea t  f lux,  hodever, is  neasured by a ca1or:rneter having the  same shape as t h e  
t e s t  specimen, a n d  must Se correct2d f o r  t h e  e f fec t s  of wall temperature and 
t r ansp i r a t ion  cooling. 

The correctsd convective hea t  f lux can be wr i t t en  i n  the  approximate 
f o m  

2.3.1 

whore h .c , H N  , L, , and i ,,, , have already been defined in Eqn. 2.1.2, and 

?- he fom. 
H o t  i s  the convective hea t ins  t o  the hot w a l l ,  which can be expressed i n  

2.3.2 

is  the  equiva lm? heat f l u x  t o  a cold wall, as rneasurod Here,  coco 
py a calorimeterf where t h e  enthalpy of the air  a t  cold w a l l  conditions i s  
Lcou, 

?.-! I Conparisor: w i t h  Method of Nolan and Sca la  

?!c1xi and 3calal' use a somPwhat d i f f e r e n t  method fo-  conpating the 
oxidation r a t e ,  i n  which rat?s of oxidation i n  the  reac t ion  and d i f fus ion  
reqimes a= f i r s t  c a l r u l a t e d ,  and then combined so t h a t  the  r e s u l t  is  
asymptotically cor rec t .  Their approach can be smmar ized  as f o l l m s :  

The mss loss rate i n  the reac t ion  cont ro l led  regime is  given 
by Eqn. 2.1.1 i n  t h e  fo,m 

'1% .--./.v 
4 a G A . c t  = A,, ( PoJe e 2.k.1 

Tne sk in  coe f f i c i en t  i s  commted frm the ecruatiorL, 

+ T3WI 2.4.2 

where $(A) i s  a function of sweep angle, Re 
i s  an indnx depnding on geometry, and "EpJ4 '  i s  a quan t i ty  xhich i s  mall 
at high heating rat?z, and xi11 be iynorYc?d in t h 2  following ana lys i s .  The 
mass l o s s  rate ir! t h e  diffi:sion cont ro l led  repime f o r  a carSon o r  ?ra?hi te  
material i s  r i y w  by 

i s  an e f f e c t i v e  nose radius,$ 

2.L.3 

10 



Xeferring t o  Eqn. 2.1.10, it id11 be noted t h a t  tht? mass loss rate 
i n  the d i f fus ion  cont ro l led  regime can be obtained by equating the term i n  
the  brackets  t o  zero, and solving f o r  . I f  we then  obtain hEFF and 
AD,cF from Eqns. 2 and 3, with TERM = 0, we obta in  

6 = ~ E F F ~ ~ , ~ F  = - 0 8 3 3  4.2 % IO-' =. 5.37 

T ! - h  valus  i s  less  than the 5.80 reportzd i n  Table I1 f o r  carbon 
or graphi te ,  as obtained from ??qn. 7.1.12. The mass loss rate i n  t h s  
t r a n s i t i o n  regime is  n m  approximated by 

2.4.A / 

2.L.5 I h=1E_ == 
I/F;Re6cT -b ' / W P \ F F  

If xe mult iply t h i s  expression through by h,,, , and 
subs t i t u t e  from Eqn. 4, noting t h a t  

B REACT 

/ 
= D  

hEFF 
where 0 i s  def ined i n  Eqn. 2.2.3, we have 

2.4.6 

x =  \ 2.4.7 

This expression for D is compared with t h s  e q r e s s i o n  derived 
\ID+ 

i n  t h i s  reyrt, as given by Eqn. 2.2.3, i n  Figure 2. It will be noted t h a t  
the  difference i s  not  large.  

.O 
D=K,,.-(TOX/TU) 

FIGURE 2 COMPARISON OF TWO EXPRESSIONS FOR 
THE DIMENSIONLESS OXIDATION RATE 

3 .  EXP~UM2Xl"TL RESULTS 

3 -1 Determination of Oxidation Parameters from Plasma Tests 

A l a rge  numbTr of plasma tests have been run on specimens of 
re inforced  carbonaceous material, o r  RCM, i n  the 180 kL?l plasma arc faci l i ty  

11 



of the  Ling-Temco-Tough5 liesearch Center. 
a proprietary syslqn: devclo,wd by C’nanca Vought Corp. It is described fully 
by Carlsm, e t  a1 and ccns i s t s  of lanlnated sheets of carbon, o r  graphi te  
c loth,  bond26 by a 2olp!er, m d  t h m  reckiced t o  a cha*  i r  an oven. 
result i s  a laminate bonds? by loris carbon molecules, possessing unusuall;)’ 
qood s t r u c t u r a l  propert ies  a t  h igh  tenperatures .  
carton, i t s  unique structurt? derives from i t s  organic or igin.  
mater ia l  i s  ?Oi*OUB, f t  can be trqated i n  a number of ways, including the vapor 
de2osit ion of lnaterj a l s  which improve it; res i s tance  t o  oxidation uniformly 
throughout 3 t s  thickness.  
i%%ich ablatez dhen hea t  i s  applied,  thereby improvinq i t s  ef fec t ive  in su la t ive  
properties f o r  l i m i t d  periods.  
pod3 f i e s  i t s  struct?rrs corewhat. 

The material re fer red  t o  here i s  

Thc f i n a l  

Although the RCM is  mainly 
Since the 

It can a l s o  be soaked ir. a t f i l l e r t  Ra te r i a l ,  

The RCM may also be graphitized, which 

Three materials were selected for a detailed study of t h e i r  oxi- 
dat ion properties, and f u r t h e r  information is given on t h e i r  composition 
i n  Table 1. A total of 81 tests i s  included i n  t h i s  study, and r e s u l t s  are 
de ta i l ed  i n  the  Apendix.  

TAB= I 

Composition of  Reinforced Carbonaceous Mater ia ls  

Des iga t ion  Matrix I1 Matrix I11 

References 13 13 

kmiinate G raph i t.e Graphite 

Graphitized Mo Yes 

Vapor Deposit Ncna S i l i c o n  & 
Zirconium 

Ablative None None 
r’ i l lers  Polystyrzne Nylon 6 

Nylon 6 Ammonium 
Fluoroalkyl Chloride 

Amoniw Chloride 
Borox 

8c-ylate  

Face Material 

15, 16 

Graphite 

No 

None 

None 

The f i r c t  two materials, b?atrix I1 and Matrix 11% wero t e s t ed  t o  
d e t e m i n e  t h e i r  performance as abla tors ,  zs reported i n  Reference 13 
syc imens  were cy l indr ica l ,  3/4 inches i n  diameter and 1/2 inches long, 
except f o r  some specimops ope ivch lone, and were t e s t e d  under s tagnat ion 
pc in t  conditions. The t h i r d  material, re fer red  t o  as f ace  mater ia l ,  has 
been developed as a pro tec t ive  face f o r  a s p e c i a l  heat s h i e l d  system; it 

Test, 

12 



:KX t e s t c 2  un3er  s tagnat ion po ic t  cond i t ims  m d  also undar  side heat ing 
conditions,  as renorted i n  ileference 15. 
s?ecirr.ens are shom Fn Figure 3. 

C o n f i g r a t i o n s  of  these t e s t  

FACE 
MATRIX II a 1 1 1 7  MATRIX II ( L O N G ) 7  MATERIAL7 

HOLDERA 
STAGNATION POINT TEST SPECIMENS 

WATER-COOLED 

SIDE HEATING TEST SPECIMEN A N D  HOLDER 

F I G U R E  3 PLASMA A R C  TEST S P E C I M E N S  

3.2 Determination of Oxidation P a r a m t e r s  

The results of the plasma tests are given i n  the  Appendix. 
Experimental values of the  oxidation parameter Y 
F i s r e s  I:, 5 and 6 f o r  the  material systems. , 
it was necessary t o  assume a value f o r  the  e f f ec t ive  Lewis number, ( L E F F ) , ~ , ~  
s o  t h a t  7 is defined by 

are shown p lo t ted  i n  
I n  compiling t h e  values o f Y  

Thus, fron; the d z f i n i t i o n  of LLFF Tiven by Eqn. 2.1.5 

3.2.2 

For the  computations i n  the Appendix, and th? experimental po in ts  
p l o t t e d  in Figures h3 5 and 6, it vas assumed t h a t  ( L F ~ F ) t ~ i ~  
if a d i s t i n c t  d i f h s i o n  regime exists, t he  Talues of Y 

= 1. Thus, 
f o r  any ewer i t r en ta l  



(Y=3.95) 
A 3.0 b I I A 

FILLERS- - 2.5 - .-UNFILLED 
1 * 0-POLYSTYRENE 

0-NYLON 6 

X-AMMONIUM CHLORIDE 
2 

2.0 - A-FLUOROALKYL ACRYLATE 

f A -BORAX 2 1.5 n - L -LONG SPECIMEN 

TRUE FRONT FACE TEMPERATURE - O R  

FIGURE 4 EXPERIMENTAL VS. THEORETICAL VALUES 
OF OXIDATION PARAMETER (Y) MATRIX II 

3.0 I I I I 

I 

FILLERS 
.-UNFILLED 
0-NYLON 6 
x -AMMONIUM CHLORIDE 

@ 
2.0 z 2 1.5 

0 

z 

4 

0 

p 1.0 

n z 0.5 

c 

0 
1000 2000 3000 4000 5000 6000 

TRUE FRONT FACE TEMPERATURE - (Tw) - O R  

FIGURE 5 EXPERIMENTAL VS. THEORETICAL VALUES OF 
OXIDATION PARAMETER (Y)  MATRIX 111 

NOTES SYMBOLS I 
1. RCM FACE MATERIAL m - 5 %  OXYGEN 
2. MASS LOSS RATE, BASED ON 

THICKNESS : LOSS METHOD 1 t O - 2 3 % 1 0 X Y G E N  
FOR SIDE HEATING SPECIMENS 

0 - 10% OXYGEN- 

NOMENCLATURE I hl,,= EFFECTIVE SKIN COEFFIClENT-DEFINED-LB/FT~ SEC. 
p = LOCAL PRESSURE-DEFINED-ATMOSPHERES 1 

1000 2000 3000 4000 5000 6 .~.. 
TRUE FRONT FACE TEMPERATURE (T,) .OR 

?oints  i n  t h i s  regime 
are  equal t o  the 
expe riven tal  values of 
LEFF . According 
t o  the  theo re t i ca l  
curves shown i n  t he  
f i p re s  ( the  der ivat ion 
o f  these curves is 
explained l a t e r ) ,  
d i s t i n c t  d i f fus ion  
cont r o l l e  d regime s 
e x i s t  f o r  Matrix I1 
and face  material. 
This regime is  
c h arac t e ri ze d by values 
of ‘f near  uni ty  and 
invar ien t  with temperature. 
The number of experimental 
po in ts  f o r  Matrix 11, as 
shown i n  Figure &, is 
i n s u f f i c i e n t  t o  obtain 
a good value fo r  L L ~ ~  
d i f f e r ing  s i g n i f i c a n t l y  
from unity,  although 
expe rimen t a l  poin ts  
l i e  between 0.75 and 
1.0. The experimental 
ao in te  f o r  the  face 
material, as shobm i n  
Figure 6, cuver the 
complete d i f fus ion  
cont ro l  regime, and 
values f o r  LEFF l i e  
between 0.8 and 1.25. 

For lack of more 
precise  information, 
it has been assumed 
t h a t  LEFF = 1.0. 
From kine c theory 
estimates! the Lewis 
number is of the  order 
of one. Since the rate 
of l o s s  of carbonaceous 
material, without 
oxidation protect ion,  i s  
very nearly proportional 
t o  ~ F F  during re-  
en t ry  t r a j ec to ry ,  a 
b e t t e r  de f in i t i on  of 

FIGURE 6 OXIDATION PARAMETER VS. SURFACE TEMPERATURE 
SIDE HEATING AND STAGNATION OXIDATION 
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L e r P ~  
and Scala1)' ind ica te  t h a t  E = 5.37  for carbor! and graphite (see Eqn. 2.k .4) , 
whereas S = 5.9 when  LE^^ = 1 (see Table 11). 
ana ly t i ca l  r e s u l t s  ind ica te  a value f o r  LEFF 
applied t o  a typ ica l  nose cone, i n  cornparison wi th  t h e  experiaental  range of 
0.75 t o  1.25 obtained i n  plasma t e s t s .  
kF =3.2. Most other  ir?vsstigators8s 10, 12 have assumed L E F ~  

i s  evident ly  required. It may be noted t h a t  the  r e su l t6  of Nolan 

Thus Nolan and Scala 's  
of 5.3/5.37 = 1.08, when 

In  an e a r l i e r  paper? Scala assumed 
= 1.3. 

Zxpel-lrnental values f o r  LE,, presented here reflect the  assumption 
t.hgt. t.riqspiratFnn nffer,t.s r l i f f i i s i  on as w e 1  1 as convective heat t r a n s f e r  
through the boundary layer. For specimens without f i l l e r ,  the  t r ansp i r a t ion  
cooling reduced t h e  heat flux by less than 1x3 i n  a l l  cases,  and had it been 
ignored, experinental  values of LEFF would have been reduced by the same 
percentages. However, f o r  specimens with ab la t ive  f i l l e r ,  reductions lay 
between 16% and k9$, which would have brought the corresponding experimental 
points  well below those f o r  t he  unf i l led  specimens. 
i s  not conclusixTe, it does appear necessary t o  consider t ranspi ra t ion  effects 
when conputing oxidation rates i n  the preseme of ablat ion.  
no ab la t ion ,  it does not have much effect  on the  r e su l t s ,  whether or not it 
i s  co r rec t ,  

Although the evidence 

%hen there  i s  

The experimental. results presented i n  the ,4ppendix have been used 
t o  determice values of the  oxidation and spa l l i ng  constants,  by methods ex- 
plained i n  the following two sections. 
and have been used t o  compute t h e  theo re t i ca l  curves i n  Figures 4, 5 and 6. 
Because of the range of values of  P 
t h e o r e t i c a l  curves a re  shown i n  each f igure,  representing the range of 
e q e r i n e n t a l  conditions. These are summarized i n  Table 111. For comparison, 
values  o f t h e  oxidation constants are included Table I1 f o r  commercial and 
p;q*olytic graphite,  as given by Nolan and Scala ' 9  '. and Hortonl9. 

The r e s u l t s  a r e  given i n  Table 11, 

and ~ E F F  during the t e s t s ,  two 

The t e s t  r e s u l t s  f o r  Natrix 11, as shor.m i n  Figure 4, l i e  mainly 
i n  the spa l l ing  regime characterized by values of 'f considerably grea te r  
than unity, and show considerable s c a t t e r  about the theo re t i ca l  curve. 
More r e g u l a r i t y  can be discerned i n  the t es t  points  f o r  any given material 
(ma t r ix - f i l l e r  composite), indicating t h a t  the f i l l e r  mater ia l  may have an 
e f f e c t  on s?al l ing.  

The tes t  r e s u l t s  f o r  Matrix 111, as shown i n  Figure I;, ind ica te  
considerably be t te r  agreement with the theo re t i ca l  curves. 
only bad point  i s  one with nylon f i l l e r .  
p i c t u r e s  of a ?lama test on material  incorporating nylon, and it was ev i -  
dent t h a t  t h e  nylon extrudes from the surface i n  p l a s t i c  form. It is ?os- 
sible t h a t  t h i s  i s  responsible for mechanical erosion of the surface,  
caus ins  an excessive mass loss. 
the Matrix I11 material was t h a t  it exhibited considerable res is tance t o  
oxidation. This i s  evidenced by values of y i n  the react ion rate and t rans-  
i t i o n  cont ro l  regimes ( Y considerably less  than uni ty)  up t o  extremely h igh  
temperntures. I n  fact the mass loss r a t e  d i d  no t  exceed the theo re t i ca l  d i f -  
fusion control led r a t e  ( 'Y = 1.0) u n t i l  a surface temperature of .#75PR w a s  
reached, wher5 spa l l ing  began t o  occur. 

I n  fact, the 
The writers have viewed motion 

The s ign i f i can t  point  about t he  tests on 
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Tne :>lam2 z r c  t e c t s  r eoor td .  cn 4atrices I1 avd I11 were o r i -  
r; inall ,v cari-i.33 out t o  detsnnine the effect iveness  of TiCi as an a j l a t i v e  
material. Althoush the t e s t  r e s u l t s  were used i n  developin? tha theory 
?resented here, the presence of f i l h r s  introduced added comdicat ions , 
The tes t s  on the face  material were carried out specifically t o  determine 
i t s  oxidation p r o w r t i e s ,  and both side heating and s tagnat ion  poin t  tests 
';TeE made t o  increase tne range of surface teapratures .  
i n  Figure 6 cover t e s t s  i n  5 ,  10 and 23$ oyygen, mixed with ni t rogen,  and 
f a l l  i n t o  the  t r ans i t i on ,  d i f fus ion ,  and spa l l i ng  regimes. Sca t t e r  of the 
test points  about the t h e o r e t i c a l  curves i s  highest  f o r  the side heating 
soecimons i n  the t r a n s i t i o n  regime, bu t  t h i s  may he due t o  experimental 
d i f f i c u l t i e s .  Mass losses  had t o  be kept small because the speciinens trere 
only 0.15 inches th ick ,  and erosion rates var ied  considerably ovsr the 
surfaces ,  due t o  flow e f f e c t s .  The mass losses  a c t u a l l y  given were computed 
from recessions measured a t  the same loca t ions  as the  calor imeters  used i n  
determining the cold w a l l  heat  f lues.  
poin t  were obtained by weighing, however, mass losses we= a lso comguted 
f r o m  the  measured recession of the face material specimen ( i n  brackets  i n  
the Appendix) t o  determine whether oxidation occurred i n  depth. 
of the two sets of f i m r e s  ind ica t e s  t h a t  t h i s  is not  the  case. 

The r e s u l t s  shown 

Mass los ses  a t  the  s tagnat ion 

Comparison 

Points correspondinc t o  0% oxygen could not  be included i n  t h i s  
p lo t .  Therefore, t h e  mass l o s s  rates,hT,,- , are shoim i n  Figure 7 f o r  a l l  
tests on the face mater ia l .  
a2 o v g e n  showed considerable mass l o s ses  a t  around 3 ,$00"R,  while the  side 
heat ing specimens a t  lower tem?eratuEs showed no mass loss. 
l o s ses  occurred well  below the spa l l ing  regim5 as evidsncsd by the resul ts  
i n  Figure 6 ,  no reasonable e q l a n a t i o n  can be qiven. 

Three of the  s tagnat ion poin t  specimens i n  

Since the 

h e  t o  the severe r e s t r i c t i o n s  on the rznqe of pressures  obtain- 
a b l e  i n  the plasma arc ,  it M a s  not  ?ossible  t o  check the  dependency of 
oxidation and spdl l ing on pressure.  Other methods are available t o  verify 
the half order  of react ion assmed i n  Ean. 2.1.1, but t h e  detsrmination of 
the  p e s s u r e  dependency of the spa l l i ng  coe f f i c i en t  ( C  i n  Eqn. 2.1.13) w i l l  
present  a ser ious problem. 

SYMBOLS 7x10 -a 

A -0% OXYOEN 0 
6x10.' 4% OXYOEN 

D 0 -10% OXYOEN 

:ooo 1000 3 0 0 0  4000 SOCK, 6004 
,RUE FRONT FACE IEMPERArURE l lwi  0 

FIGURE 7 MASS LOSS RATE VS SURFOCE TEMPERATL'F 
SIDE HEATING AND STAGNATION OXIDATION 



3 e t e n i n a t i o n  of Oxidation Constants 

Exper imnta l  values of t h e  oxidation p r a m c t e r  Y 
*- 3 .3 

obtained i n  
t-h? t r a n s i t i o n  regime, and 3% temperatures f o r  which q a l l i n g  is negl ig ib le ,  
;:an bs used t o  detem.ine +he oxidation constants.  
:cflnsd, we have Y = X  e \ , and can  rewrite Zqn. 2.2.1 i n  the form 

I n  t h e  temperature range 

Taking logarithms of both s ides  

Thus i f  experimental values of Ex are p lo t t ed  aga ins t  

. A p l o t  of t h i s  type is shown 

The tes t  point f o r  nylon 
A l l  of these tests 

\ / r w  
on semilog paper, the slope of  t h e  best  f i t  l i n e  i s  equal to  -2 -J& %De 
and the  in t e re2p t  is equal  t o  % (AB)a 
jn Figure 9 f o r  Matrix 111 materi i: and includes all test poin ts  belov 
S$,?'R. 
cludes six side heat ing t es t  poin ts  belox 23XPR.  
f i l l c r  is questionable, as explained i n  Section 3.2. 
-em made i n  2% oxygen. 
obtained from t h e  Appendix. 

Another p lo t  i s  shown i n  Figure 9 f o r  the  face material, and in-  

The values of E x  shom i n  the two figures were 

.os 

.01 

.001 

.0002 
.2: 0-4 .6x10-4 1.0X104 1.4~10' l.8X10-4 2.2X104 2.6x10 

1 / T W  -01-1 

FIGURE 8 GRAPHICAL DETERMINATION OF 
OXtOATION CONSTANTS MATRIX 111 

19 



Values of A and T x  chtained b4r estinatect best f i t  lines i n  Fig- 
ures  8 and 9 are recorded in Tab12 IT. 
:*PE.U:%S, the  laxer port ion? of the theo re t i ca l  oxidation 2araneter  curves 
i n  -?i.Pu:*e5 5 arld 6 may be referrpc! to. 
were made a t  s u f f i c i e n t u  low tenperatx-es t G  ,-et i n t o  t h ?  t . ransi t ion 
regime, PO that  oxidation constants could not be datem'ined. 
ased f o r  the theore t ica l  curves in Ficure 4 dzre 57asod GD $he values given 
f o r  cownercial Graphite i n  Table 11. 

FJr iz chsc2 ctr. t h e  v a l i d i t y  of these 

No tests or! .%trix I1 mater ia l  

The values 

Altnough it  i s  alvays possible t o  f i n d  a pair  of values of A b  

data t o  deternine 
ant! L, 
on the cxidation parameter curves, there  i s  in su f f i c i en  

independent3 of % , does not  def ice  the  oxidation performance adequately. 

by t h i s  method, which will fit the t e s t  Oata f a i r l y  c lose ly  

e i t h e r  one value accurately.  Thus, a value f o r  A (or  k o), given 

3.4 Determination of Spal l ing Constants 

Experimental values  of the oxidation parameter Y obtained i n  the 
spa l l ing  regime, car, be used to  determine the s9a l l i ng  constants,  once the  
olddation constants have been determined. F i r s t ,  we solve for x i n  Eqn. 
2.2.1, using values cf A , B , and Toy , as given i n  Table 11. He 
then re-write Eqn. 2.2.2 i c  the fom 

?=PALL = (y- x) ~ E F F  - B C d  3.11.1 

Taking logarithms of both s ides  

3.4.2 

Thus i f  eqe r imen ta l  values of ?SFALL are  p lo t ted  a a n s t  \/Td 

CSC) . P l o t s  of t h i s  type re" shown 
on semilog paper, the slope of f i t  l i n e  is equal  t o  -3% e , 
f o r  Matrices I1 and I11 
and the in te rcept  i s  equal t o  

-%=ALL 

Figures 10 and 11. The values of 
!ere taken f r m  Table I V .  

Values of and Ts obtained i n  t h i s  way a re  recorded i n  
Table 11, and were used f o r  t he  theo re t i ca l  p l o t s  of the oxidation parameter 
i n  Figures 4 and 5.  Insu f f i c i en t  high temperature tests were-carried out on 
the face material  t o  determine i t s  spa l l inq  constants,  and the  theo re t i ca l  
curves i n  Figure 6 a s m e  the  same values as f o r  Matrix 11. 
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S p x i r e n  No: limber used t o  denote s ~ e c i ~ e n  i n  test  series.  
I1 specimens with cap i t a l  letter, e.g., 114-1, are long 
sPechens.  

The Xatr5.x 

Haterial: 

A Area of specimen ( f t2 ) .  

Designation of carbonacsous material and f i l l e r  as. defined 
i n  Table I. 

R * x  ,%ti0 o f  o-yyg9n t o  carbonaceous material (a 1.33 R, 
where 4?, i s  proportion of  carbon, as given i n  Table 3-35 
Eqns. 2.1.7, 8 and 9 ) .  

, 

AM- Tota l  mass loss of carbonaceous ma te r i a l  (15). By d i r e c t  
measummont on Stagnation poin t  specimsns. Computed from 
local recessiog on side heating s-mcimns. Mass losses 
computed fron recession on the s tagnat ion point  face  specimens 
are shoim i n  brackets.  
Total mass loss of ab la t ive  f i l l e r  (lb). 
run u n t i l  back face temperature incScated l o s s  of f i l l e r .  

Specimens were AMA 

-t Wrat ion  of heat  pulse i n  plasma arc tes t  (secs) .  

Yiss f r ac t ion  of oxygen i n  plasrna stream. 

Diffiision Faranetsr; = R,,/cexe (LLF~),NIT 

Enthal2y of plasma stream (B"?J/l.'a). 

Local s t a t i c  pressure (atmospneres j . 
behind shock assumed f o r  s tagnat ion point  specinens. 
stream pressure assumed f o r  side heating specinens. 

Stagnation pressare 
Fr$e 

Gold w a l l  heat ing ra te  t o  calorimeter mounted a t  s tagnat ion 
?o in t  f o r  s t a g n a t i m  F o i n t  sgecixens. 
s t i n g  f o r  s ide  heating specimens. 
before and a f t e r  each test run (BT?J/ft2-sec). 

Mounted on side of 
Reading taken i m d i a t e l y  

Etabflizad surface temperature of specimen (OR). 

o p t i c a l  pyrometer, and corrected for  emissivi ty  and viewing 
vindow . 

Taken by 

Mas:; los s  r a t e  of carbocaceous material (lb/ft2-sec) . 

=AM,,,, t A  / 
h-1 

L 



Ai 

. /  
Me 

- I1 

M E  

X 

- ,7 

Xot ;:all heat. flux (F!TU/ftL-sec) = ~ i y . , , ~ ~  Ai,/&&- ~ C ~ L P ) , & ~ , , ~ ~ -  

210-260 iYIU,kb. for stagnat icn spec nens and 133 BTU/lb. f o r  
s ide  heating specimens). 

2 Fass loss rate i n  d i f fus ion  rq ime (lb/ft -sec>. 

- g f i A )  (a + / 
This i s  a so lu t ion  cf the  eqns. 

Lesser of GE’ and dTeT ( lb/f t2-sec) .  This i s  the 
maxhurr anount of carbonaceous material which can have oxidized 
on t h s  surface,  ar.d i n  the  boundary layer af ter  s p a l l i r g ,  and 
can  %!erefore have contr ibuted t o  t r ansp i r a t ion  cooling. 

Convect ‘ve heating rate corrected f o r  t r ansp i r a t ion  cocl ing 
( a T U / A e c ) .  

( PC assm?? equal t o  .57 f o r  a11 cases) .  

7ffscLive .A sk in  coe f f i c i en t  ( l b / f t  2 - s e c ) .  = 3BLo&L 
Oxidat,ior, parameter = 8 

Quanti ty  used i n  d 9 t e n i n i n g  oxidation constants  (see Scn. 3.3.1). 

P I - Y  
Dirreneionless oxidatior! rate (see Sqn. 2.2.2). 

= . I  d 

w h e r e  D 
z. 

For 2latrix IT and face material, x z  I 
For Ntitrix 111 material, A and ToA are taken from Table 11. 

i n  the s p a l l i n g  regime. 

P’PALL Cuantity used i n  determining s p a l l i n g  cons tan ts  (see Eqn. 3.4.1). 
= (u-X) h E w  

A-2 



A W A  
t 
COR 

r 
Poll 
x 
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-e- 

?+ scay.  3 tam.- .-. JTien. 3 a g .  u tzy .  
rc---- 

S3Ycimer! 11-c-1 II-I:-2 11-c-3 I1 -c! -1 XI-d-2 11-d-3 
No. 

Material i4atrix I1 !?atrix I1 Matrix I1 Matrix I1 Matrix 11 Matrix I1 
Nylon 6 Nylon 6 Nylon 6 Fluor Acr Fluor Acr Fluor Acr 

--- - 

.00304 
1 3333 
,3oC9.30 

.002980 
64.0 
23 

5.80 
5LOO 
.os102 

224 
45 20 
.005090 

.015320 
1400 
4030 

172 
.005060 
.005063 

117. I: 
.023309 
1.0075 

1.c. 
.00022 

-- - 

.00305 

.000970 

.(XI2939 

1 3333 

b8.5 
23 

5.80 
9500 
,05122 

398 
5230 
.006560 

.01?130 
2000 
7500 

322 
004650 
.OOh650 

202.5 

1. )lo33 
.02 7000 

--- 
1.0 
.OllOS 

.00305 
1.3333 
.00102@ 

.002910 
39.0 
.23 

5.m 
14600 
-07075 

5 74 
56 SO 
.008580 

.02L4@ 
25 20 
12090 

56 7 
.004720 . c104720 
330.8 
.02 7400 
1.8141 

--- 
l.C 
.03236 

.00305 
1.3333 
.@007C)O 

.ooll060 
49.5 
e 2 3  

5.80 
SLOG 
.os102 

221 
4520 . OOb730 
.0274SO 
a50 
3950 

168 
.go3730 
.003730 

85.5 
.02l61r0 
1.2676 

-- - 
1.0 
.a0579 

.00305 
1.3333 
.000930 

.00&310 
50.0 
23 

5.80 
9500 
.06122 

4% 
5 190 . 005k40 
.028260 
1940 
7560 

332 
.003860 
.003860 

l69.3 
.02 2400 
1. IrOPS 

-- - 
1.0 
. o o m  

.00304 
1.3333 
.002600 

.002580 
40 .O 
23 

5.80 
11600 
-07075 

707 
5640 
.02 13 80 

.021220 
2500 
12100 

5% . Oo5420 
.005420 

380.0 
,031400 
3 9L90 
-- - 
1.0 
.09260 



TI-g-2 11-g-3 

iblat5-.-?al Matrix I1 Nstrix I1 Yatrix I1 Xatrix I1 IYatrix I1 Matrix I1 
Am Chl Amm Chl Amm Chl Borax Borax i3orax 



.m307 
1.3333 
.0019lO 

.GO5383 
135.9 
.?3 

5.80 
5 J,m 
.0505 3 

239 
4340 . OO4600 

.012980 
12 30 
111?9 

189 
.005740 
.004500 

143.2 
.03 4800 
.7667 

-__ 
-- - 
-- - 

.03307 
1.3333 
.002170 

.30&3L3 
95.0 
.23 

5.80 
93 00 
.9hlC? 

502 
4363 
.907h30 

.016330 
lV60 
75lD 

3 35 
.005120 
.00512@ 

210.8 
.02 8100 
1.5335 

-- - 
1.0 
.Ol~r99 

.00307 
1.3333 
.m 1310 

.0'35$90 
90.0 
.23 

5.80 
r1 !: 00 
0 c\ 7007 

730 
5q13 
.@oh330 

* 01% 33 
2320 
11980 

622 
.005mo 
.006000 

361.5 
.@2 3930 
1.3428 

-- - 
1.0 
.01026 





TdS: L"i Tr3ST IV-Yit TJlQ&IiY ( ~~c~~ I d )  

-- -----e _I.. -- 
---I__----- -.,-I__---.- _--- 
Type S t agn  . 3a.m. S+,arn. StaCn. Stat-. Stagn. -- -,----.-.-__ 

Specimen 11'1-c-1 111-c-2 TTT-c-3 I::-c-l 111-9-2 IIIe-3 
No. 

Material Matrix T I 1  Matrix I11 Matrix T I 1  Matrix I11 Matrix I11 Matrix I11 
-- --I --- 

Nylon 6 Nylon 5 Wjl.on 6 Amm C h l  Amrn Chl Amm Chl 
I_ 

, A  
ROJt 

f h l  

PO. 
x 
EWU 

,00296 
1.2090 
.000730 

.003ohO 
66.1 
0 23 

5.22 
3500 
.OS136 

13 8 
h 2 0  . COL3l;O 

.015%0 
1330 
2173 

91 . 005jjO 
.GO4043 

62.5 
. 0 2 a m  

.a0236 
1.2256 . om 79 

. O0350O 
h2.5 
.23 

5.33 
10390 . a3293 

365 
5860 
.005330 

.027820 
2733 
76 20 

275 
.'302910 
.002310 

11s. 1 
.015500 

.73:8 ? 1.8329 

.00396 

.a01150 

9~3450  
33.6 
.2 3 

5 - 3 6  
1303 
07143 

572 
6OLO 
,011520 

.03!673 
2Y20 
1 0  80 

452 
.O03600 
.DO3600 

Uh.2 

1.2320 

.019270 
3.1a28 

--- 
.915'i1 
.Ob215 

.go293 
1.1933 
0 

. 00 1140 
39.0 

23 

5.19 
3500 . $116 
129 
36 80 
0 

.0100s0 
1000 
2500 

3? 
.005!173 
0 

80.1 
,032O50 
0 

--- --- --- 

.0028 9 
1.1813 . oOol+20 

.OOlS.hO 
29.0 
23 

5.14 
9800 

3 74 
5720 
. O O ~ O l O  

.019S?C! 

.06190 

2630 
7 200 

282 
.m44w 
.Ooklr?O 

155 9 
.02l660 
1.1888 

--- 
.81736 
.ooeo5 

.DO290 
1.1813 
.OOO6 90 

. oOl040 
25.3 
23 

s o l 4  

13000 . O m 3  

56 3 
6020 . ooglroo 
. ClL170 
2300 
10100 

Irk5 
.005970 
.W5970 

30% 7 
.039660 
1.5760 

-- - 
.e2103 
.32315 
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. X 3 C l r  
1.3333 
.000~1;0 
Gmcr~oJ 

. 0 0 3 0 ~  
1.3333 

.00391 
1.3333 

.oO ioho 
LOOlO89J 

0 
72.0 
.23 

0 
70.0 
.23 

0 
SL.5 
.23 

AMA 
t 
COX 

B 5.90 
9000 
.02% 

5.80 
15300 
.02 7140 

5. so 
16633 
.0?820 

LU 

P 

215.5 

POI 
x 
PSWU --- 

I 



.00,704 
1.3333 

.00301r 
1.3333 

. CK) 305 
1.3333 

. OC) 302 
1.3223 

0 
280.5 
.os 

0 
133.3 
cl 

C 
153 .C 
3 

0 
92 .n 
G 

3 
233.2 
0 

25.67 
6358 
.01930 

00 
3733 
.0220!3 

00 

155 
3312 
.9OOb 93 

A33 
519C . OO5730 

206 
41% 
.0@12112 

43 3 
365k 
.003.373 

0 
1 2  59 
ljll8 

0 
880 
771.3 

0 
let. 0 
3,115 

n 
J 

96 0 
2h31 

LOO 
c, 
0 

12L 
0 
9 

3 36 
0 
0 

13 9 
.O01232 
.001232 

339.0 
.026&3 
1.271.2 

_-e 

--- 
E. 
x 
EWU 

--I 

-- - --- --- -e- 

l ' /  
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Hat e r i a l  ?'am Face Pace Fac? Face 

B 13.33 
5 1% 
.02lkO 

13.33 
1285.7 
.0?57t7 

00 
11258 
.02080 

13 *33 
6 517 
.02170 

5.W 
12270 
.02640 

CU 

P 
223 
43 80 
.302200 

MA 0 
1880 
10390 

1353 L W  

Ai. 

407 
.002722 
,002722 

430 
0 
0 

183 
.a02538 
.GO2205 

337.3 
.S-?C 2 75 
1.2218 

165.6 . Q3 2114 
. n 3 2  

3l.3 .L 
.030166 
9437 

-- - 
--- 

Poll 
x 
Emu. 

e-- 

--- 

' i - i l  



-- - 
__. 

T y p  b ide  Side S iSa Side S ide  Side 

Specimen SH-1 SH -2 srr-!l 3 1  -5 SH -6 SH -7 
"9.  

i'4aterizl Face Face Face Face Face Face 
--- I- 

. OOSbO 
1 3333 . WOO36 

0 
121.@ 
23 

5.80 
5130 . 00 15s 

9.50 
2223 . OOOOl.,7 

0 
570 
li%0 

7.77 
.00026 3 . 00CW47 

7.63 
.OO% 73 
1632 

.OL10057 T --- --- 

.oos~o 
1.3333 
000359 

0 
120.0 
.23 

5.80 
12600 
.00293 

32.70 
2522 
.000167 

0 
7 lr@ 
9860 

30.82 
.0(3',L:Y3 
.00046 7 

27 99 
.002839 
* 95&2 

0546 90 -__ -_- 

.0061;2 
1.3333 
.COO093 

0 
121.0 
23 

5.80 
5500 
.00177 

10.65 
2218 
.000119 

0 
570 
4?30 

3.80 
.oO0307 . OO0119 

9 044 
.001915 
3603 

.OO0421 -_- --- 

A-12 

00656 
1.3333 
.000500 

0 
120.0 
.23 

5.80 
13500 
*@0333 

L9.00 
3263 
.000635 

0 
870 
12630 

Lt, .32 
.OO056 7 . OOO56 7 

L1.52 

1.1205 
.003287 

-- - --- --- 

.00656 

000457 

0 
119.5 
23 

5.80 
13.!60 
-00333 . 

53-50 
3270 

1.3333 

.000583 

0 
8 80 
12570 

so 50 
.000621 
,000583 

h5.62 
.0036 29 
9317 

-- - -- - --- 

-00665 
1.3333 
.000024 

0 
h88 .O 
0 

4 
472& 
.00068 

9.18 
2@&0 
.000007 

0 
520 
k201 

8-43 
0 
0 



Face Face Material Face Face Face Tace 
- _  -* - - - - - 

A 
ROJI 
AMM 

.3&j7 
1 3333 
.030070 

.@066 0 

.000075 
1.3333 

. m 5 3  
1.3333 
.00036 2 

.00563 
1.3333 
0 

.00562 
1.3333 
.WOS5S 

.00661 
1.3333 
.m21.8 

A W A  
t 
cox  

0 
h28.2 
0 

0 
75 .o 
.23 

0 
71.0 
23 

0 
150.0 
.23 

0 
70.0 
23 

B 5.80 
a300 
00306 

5.80 
66 SO 
.OO119 

5.80 
10000 
*a323  

30.30 
25'36 . moo22 

51.80 
2371; 
.000026 

68.0h 
3L35 
em0739 

11.80 
2220 
0 

58.32 
3234 
.000660 

41.00 
2926 
.000471 

MA 

Ai. 
i" 

c; 
6 70 
1010s 

3 
7 90 
163 15 

0 
950 
13350 

0 
55 0 
6090 

0 
360 
ll%O 

0 
770 
92 30 

li3.34 
0 
3 

38.38 
00os343 . O O O k 7 1  

Po, 
x 
pzR4u. 
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f COL 0 

r w  

.00660 

.000617 

0 
960.0 

1.3333 

05 

26.67 
9758 
.0017C 

28.48 
2630 . oooog? 

0 
703 
9058 

26.82 
.000103 
.000097 

26.23 
.002896 . Pg3; 

,036 goo --- 
--a 

1 3333 
.000650 

0 
k80.G 
.10 

13.33 
7608 
.a0304 

28.51 
2750 
.000206 

0 
720 
5888 

25.30 
.000273 
.000206 

25.35 
.0036 80 
7462 

Olh390 --- --- 
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MA 

Ai  
i" 

P?. 
x 
p.WU 

00633 
1.3333 . r n O %  2 

0 
2 Lo 
.23 

5.80 
12000 
-0037h 

52.11 
3011 
.0006 33 

G 
730 
9139 

h3.21 
.0006 79 . ma633 

ll4.$6 
.go3966 
.?256 

. Oh8430 -- - --- 
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